solar and infrared (IR) radiation. Solar radiation heats the ski base directly and uniformly. Some of the photons that enter the snowpack are scattered back out. Net IR radiation from a ski piste (a compacted and groomed ski trail) is usually upward toward space (day and night, sunny and shady). When this occurs, especially in cloudless conditions, it is an unrelenting cooling process. The net heat balance at the snow surface can cause as much as a 4°C variation between sunny and shady conditions, as has been observed in controlled testing (Colbeck 1994) . It is therefore not surprising that the desired ski and wax preparation for shaded snow is not the same for snow receiving direct or strong diffuse solar radiation. So, knowledge ahead of time of when and where the sun will hit the race course (RC) turns out to be important. For example, the morning of a ski race, testing may be on shaded snow; however, the sun could hit the piste in places later during the race. According to Colbeck (1994) , the amount of solar radiation should be considered when choosing ski wax and structure.
Solar radiation is also important to consider when choosing the color of a ski base (Colbeck and Perovich 2004) , since heat produced by solar radiation on a black ski base could be more than the heat produced by friction, at lower speeds. Ski runs made well after sunset showed that even small amounts of diffuse sunlight on a cloudy day provided a reduced but significant source of energy to affect skis (Colbeck and Perovich 2004) .
The behavior of snowboards on snow has been informally observed during competitions and training leading up to the 2010 Vancouver Winter Olympic and Paralympic Games ("Olympics"). Joncas (2010, personal communication) reported that when the snow surface is initially warm and soft with large granules [implying snow metamorphism is occurring or has occurred (McClung and Schaerer 2006) ] and then the same snow surface transitions into the shade, it becomes "like sandpaper" and can be abrasive after several snowboard runs. For these conditions it was necessary to change the type of wax, and more work was required to rewax the snowboards between each run. Both of these factors can have a large impact on the outcome of competitions.
As described, the condition of the snow surface, in particular whether it is in direct sun or shaded, is of interest for a variety of skiing applications. This paper presents a method that was developed to forecast sun versus shade along ski pistes. The method has been applied during the Olympics to help ski technicians, coaches, and athletes be better prepared. For reference, the 2010 Olympic venues are located in southwest coastal British Columbia (BC), Canada (see Fig. 2 ).
To determine whether a point on the Earth's surface is in the sun or shade on a cloudless day, the following should be calculated: local elevation and azimuth angles of the sun, and elevation and azimuth angles of the visible horizon, defined by shadow-casting obstacles, such as mountains, trees, and structures.
MetHod. Previous methods for calculating solar radiation and effects on mountainous terrain include using digital elevation models, as have been applied in numerical weather prediction and hydrology (Müller and Scherer 2005; Zanotti et al. 2004 ). These methods are usually computationally expensive and relatively complex, and they usually include only the effects of the topography, as described in digital elevation models. However, for the outdoor Olympics venues, the race pistes were bordered by tall (order of 20 m) evergreen trees that also caused significant shading. To quantify the combined influences of trees and topography, a field survey was conducted the year before the Olympic competition.
As a result of this surveying procedure, the surrounding topography, trees, buildings, and other local/nonlocal obstacles large enough to cast a shadow (apart from clouds) were taken into account. Such surveying was necessary because the highest-resolution (on the order of meters) digital elevation data available to nonmilitary users can still not resolve all the smaller objects, such as trees, and may be out of date. Surveying can be done in a timely manner to account for recent tree growth or removal in the months before a ski competition. For optimum accuracy, surveys must be carried out on days when the local horizon is not obstructed with clouds. Entirely cloud-free days are best. | A theodolite (Pentax, GT-4B) was used to make these local horizon surveys at a series of points along each Olympic ski and snowboard race course at Callaghan, Cypress, and Whistler. Points were chosen somewhat arbitrarily, but with some guidance from race staff, at an approximate interval of 150 m. Although this interval was not small enough to provide complete coverage, it was sufficient to provide representative information to ski technicians, coaches, and other race officials. Thirty-five points were surveyed at Whistler, 60 at Callaghan, and 38 at Cypress.
At each point, the theodolite was erected and leveled with built-in bubble levels, and the zero-azimuth set to magnetic north using the built-in compass. The latitude and longitude of each point was noted using a GPS unit. Local horizon elevation angles were measured for every 5° azimuth, where the horizon elevation angle is the angle above horizontal at which the top of any local or nonlocal object (tree, mountain, etc.) was observed. Only the sky is higher than this point. Azimuth angles were later converted to a true north coordinate system by adding the local magnetic variation angle of 17.9°E (NRC 2010) .
The local horizon data were input into a program that calculates the geometry of the sun and Earth for every half-hour, for any dates chosen. Horizon elevation angles were compared with the sun elevation angles for each azimuth and time of day, and a binary flag signifying sun or shade was determined for each location. Figure 3 illustrates the calculated track of the sun relative to the surveyed obstacles for "point 2" on the Cypress Mountain ski/snowboarder cross course.
Equations. Geometric equations and constants for the sun and Earth used for the calculations were taken from Stull (2000) . These equations are for the solar declination angle and the local elevation and azimuth angle of the sun relative to true north for each location surveyed. Solar declination δ s is given by
where Φ r = 23.45° is the tilt of the Earth's axis, 
where ϕ is latitude at the survey point, t UTC is time of day in UTC, t d = 24 h is length of day (in the same time units as t UTC ), and λ e is longitude. Finally, the local azimuth angle of the sun α relative to true north is
where ζ = C/4 -Φ r is the zenith angle of the sun. These are the equations that were used to calculate the curves in Fig. 3 . Following these calculations, all that remains is for the measured horizon elevation angles to be compared to the elevation angles of the sun for the same azimuth angles for each location surveyed.
Assumptions. In using these relatively simple equations, several assumptions are made (Stull 2000) including the following:
i. The solar declination angle here assumes the Earth's orbit around the sun is circular. The actual orbit is slightly elliptical, with eccentricity e = 0.0167. ii. The sun is assumed to have an infinitesimal radius rather than finite, corresponding to an angle of α = 0.267° as viewed from Earth. iii. Light refraction through the atmosphere is neglected, where refraction allows the top of the sun to be seen even when it is β = 0.567° below an unobstructed horizon. These last two points mean that the actual sunrise (sunset) may occur sooner (later) than the output of this program indicates, when the sun has an elevation angle of -(α + β) = −0.834°. For Whistler Mountain, the maximum timing error is 6 min 51 s. This is negligible, since the final time resolution users were interested in was 30 min. Additional error comes from the difference between snow depth at the theodolite survey time and snow depth at the sun-versus-shade forecast time (ΔSD), which affects the distance between the snow surface and treetop. The distance between the ground/snow surface and the theodolite's angle axes (pivot point, 1.65 m on average) adds to or decreases this error depending on whether ΔSD is negative or positive, respectively. The greatest snow depth on the groomed pistes was about three meters during the Olympics, giving an absolute error of 3 ± 1.65 m, which is small (but not negligible) compared to the typical tree height of 20 m. If ΔSD = 1.65 m, then this error is zero.
Data and implementation. The three outdoor venues for which sun/shadow calculations were made were as follows: . SW data from the CNR1 were sampled at a frequency of 2 s and averaged and recorded by a CR3000 datalogger (manufactured by Campbell Scientific) every 10 s. A theodolite survey was conducted directly beneath the CNR1, which was suspended over the Whistler race course at the observation station (Whistler RC, latitude = 50.1°N, longitude = 123.0°W). For comparison, the sun-versusshade program was run for this day and location with a time resolution of 10 s. The calculated (top of atmosphere) and measured downwelling surface SW radiation are compared in Fig. 4 .
The large increase in measured SW radiation occurring close to 1035 PST implies that the sun first appeared above the local mountains and trees around this time. Subsequent fluctuations diverging from the smooth curve expected for downwelling SW can be accounted for by the irregular horizon caused by local trees of various heights, as shown in Fig. 5 . The model predicts sunrise at almost exactly 1130 PST, demonstrating that the azimuthal resolution of the theodolite measurements (5°) is not high enough for this time resolution (10 s). For trees 30 m away from the observer, with an azimuthal resolution of 5°, the treetops would need to be spaced more than about 2.6 m apart to be "seen" by the model. However, for this application in this location, the azimuthal resolution is adequate since the time resolution for the user was 30 min.
A further reason for the discrepancy is that the measurement height for radiation (somewhere between 6 and 9 m above the local ground level, depending on the snow depth at the time of the theodolite survey) and for the horizon elevation angles (1.6 m between the snow-surface and theodolite's angle axes, measured at the time of the theodolite survey) are different. In other words, the radiation data used to verify this model would have ideally been measured at the same height as the horizon elevation angles. This could explain why the model did not "see" the sun at 1100 PST.
The race course at this location was similar in width (order of 30 m) to most other locations surveyed on Whistler Mountain. The Callaghan race courses were roughly half the width of Whistler's, according to the theodolite surveyor, while Cypress's were about the same as Whistler's. So, for Callaghan, trees closer together than 2.6 m were seen for the same azimuthal resolution of 5°.
aPPliCation of ReSultS and fuRtHeR WoRk. A graphical user interface (GUI) was designed to display the sun-versus-shade data via the Internet. Background images using recent highresolution aerial photographs of each venue were chosen to show the least amount of real shadows on the race courses as possible, as seen by aircraft or satellite at the time of the image capture. These images were mapped onto digital elevation data to present a 3D view of the scene to the user. Actual race lines were drawn on these background images for clarity. Although most of the survey points were on the race lines, certain points on the actual race lines were inaccessible at the time of surveying, so points close by were used instead. Finally, the output images were made available on a Web site accessible to the users. Figure 6 shows a snapshot of the finished display for Whistler Mountain. The image shows predictions of the sun on pistes at specified locations, given the month, day, and time chosen by the user. Predictions are valid only for clearsky conditions or for days when bright diffuse sunlight is present [e.g., thin cloud layer(s)]. The GUI allows the user to select the venue (Ca llaghan/Cy press/Whistler), month (November/December 2009, Januar y/Februar y/March/April 2010), day, and time to see the shading on a race course.
Ski technicians, coaches, and other race officials accessed the Web site on a daily basis prior to and during the Olympics. Course preparation and sports managers were interested, particularly given the occurrence of moderate-to-strong El Niño conditions (NOAA 2010) with an intense Aleutian low and associated southerly winds bringing warm air northward along the North American west coast (Crawford 2010) . There were at least six consecutive mostly sunny days during the Olympics (17-22 February 2010) and four days during the Paralympics (17-20 March 2010) that could possibly be attributed to this El Niño event. Regardless, all the mostly sunny days had race events at all the Olympic venues for which the sun-versus-shade information was used and found valuable.
If sun-versus-shade calculations are made at any venues in the future, we recommend the following:
• The azimuthal and spatial resolution of theodolite measurements should be increased to allow for higher time resolution and to "fill in" gaps along the race courses. Sufficient time must be allowed to conduct the theodolite surveys, which take about two hours per site, including theodolite setup, calibration, observing and recording the horizon data, packing up, and hiking to the next location. • For greater model accuracy, a correction can be made to include the radius of the sun rather than assuming it is infinitesimal, as well accounting for the height of the theodolite axes from the ground/ snow surface.
• Further research can be applied to combine the sun-versus-shade output with numerical weather prediction output to determine, for example, the maximum temperatures or temperature change expected based upon the maximum direct solar radiation. 
